First-principles evidence of Mn moment canting in hole-doped
  Ba$_{1-2x}$K$_{2x}$Mn$_{2}$As$_{2}$ by Glasbrenner, J. K. & Mazin, I. I.
ar
X
iv
:1
31
1.
15
37
v1
  [
co
nd
-m
at.
su
pr
-co
n]
  6
 N
ov
 20
13
First-principles evidence of Mn moment canting in hole-doped Ba1−2xK2xMn2As2
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The compound BaFe2As2 is the proptotypical example of the 122 family of high-Tc Fe-based su-
perconductors that crystallize in the ThCr2Si2 structure. Isostructural compounds can be formed
by replacing Fe with another transition metal; using Mn produces the material BaMn2As2, which
unlike its Fe-based cousin has an insulating ground state with a large magnetic moment of 3.9µB
and G-type antiferromagnetic order. Despite its lack of superconductivity, the material is interesting
in its own right. Recent experimental studies have shown that hole-doping the compound by substi-
tuting K for Ba leads to metallic behavior and a spontaneous, weak, in-plane magnetization, which
was attributed to the holes fully polarizing independent of the Mn moments, producing half-metallic
behavior. However the observed in-plane magnetization can also be understood as a small canting
of the Mn moments. Using density functional theory, we demonstrate that a Mn moment canting
occurs upon hole-doping the compound. We argue that this is due to the competition between the
super- and double exchange interactions, which we support using a simple tight-binding model of
the superexchange-double exchange interaction and the Andersen Force Theorem. Our calculations
also rule out an in-plane polarization of As holes as an explanation for the in-plane magnetization.
Introduction−The discovery of the high-Tc Fe-based
superconductors in 2008 induced a flurry of interest as
researchers worked to understand the role of magnetism
in the pairing mechanism and superconducting state.1–7
Much like the cuprates, the parent compounds of the Fe-
based superconductors are magnetically ordered in the
ground state, although the similarity diverges from there:
the ground state of the parent compounds of the Fe-
based superconductors is metallic with long-range mag-
netic correlations while in the cuprates the ground state is
insulating with strong, local electronic correlations.3 The
Fe-based superconductors can be divided into different
structural classes, including the 122 class which crystal-
lizes into the ThCr2Si2 structure (space group I4/mmm).
A protypical example of the 122 class is BaFe2As2.
8,9
There has been much interest in studying other materi-
als isostructural to BaFe2As2, such as replacing As with
P or Se, or Fe with another transition metal, such as Co,
Ni, Ru, or Mn.
BaMn2As2 is not the parent compound of any known
superconductor, but it is interesting in its own right. Un-
like its cousin BaFe2As2, which has a metallic ground
state with stripe antiferromagnetic (AF) order and Fe
moments of ∼ 0.9µB,
8 the ground state of BaMn2As2 is
insulating with G-type antiferromagnetic (G-AF) order.
The Mn atoms have moments of ∼ 3.9µB,
10–12 aligned
along the crystallographic c−axis. Metallic behavior
can be induced through the application of pressure13 or
through doping, and successful hole-doping was achieved
by substituting Ba with K.14–16 An ionic count suggests
that Mn is divalent and in the high-spin state, such that
its mean field moment would be 5µB, which is reduced
by hybridization and fluctuations to 3.9µB. The mate-
rial is a small band gap semiconductor with an intrinsic
activation energy of 0.03 eV, as inferred from electrical
resistivity measurements.10
In heavily hole-doped samples a weak ferromagnetic
(FM) magnetization developes along an in-plane direc-
tion in Ba1−2xK2xMn2As2.
14,16 When x = 0.2, the mea-
sured FM magnetization was 0.45 µB/f.u., close to the
number of introduced holes, so a novel magnetic state was
speculated in which the localized Mn moments remained
G-AF ordered along the c−axis while the mobile holes
are polarized in the ab plane.16 The authors of Ref. 16
argued the hole polarization was half-metallic, implying
that if the density of states (DOS) is projected onto the
in-plane magnetization direction it will be metallic in one
spin direction and approximately insulating in the other.
The proposal of a novel state of two separate magnetic
systems with localized Mn moments and mobile holes in
the perpendicular direction is somewhat counterintuitive,
as such a state is not well defined microscopically. Indeed,
the introduced holes in the Mn-As planes can either be
Mn holes or As holes (or a combination of the two). In
the former case the same electrons that form the local
moments will also form Mn bands that host the mobile
holes, but these electrons are subject to a strong Hund’s
rule coupling and cannot form mutually orthogonal mag-
netic moments. Since in this case one cannot distinguish
between the electrons forming local moments and mobile
carriers when hole-doping, the only way to implement
the idea of mobile carriers promoting FM order is by in-
troducing canting, as in the case of the classical double
exchange.17,18
In the latter case the mobile carriers are different (As
holes) and can be polarized in a different direction. This
would require the DOS near the top of the valence band
to be mostly As. In this situation the problem is math-
ematically similar to the well-known case of Co-doped
FeS2, where an analytical treatment predicts that the
system may be half-metallic or non-magnetic depending
on the effective mass and Stoner parameter I.19 Despite
this possibility, we will show below that As polarization
can be ruled out both numerically and analytically.
The main argument in Ref. 16 against Mn moments
canting was based on the lattice symmetry. These au-
2thors correctly point out that the Dzyaloshinskii-Moriya
interaction,20,21 a common source of such canting, is ex-
cluded here because the local Mn environment is symmet-
ric with respect to inversion about the Mn site. How-
ever, the Dzyaloshinskii-Moriya interaction is not the
only known source for such noncollinearity. As mentioned
above, the double exchange mechanism17,18 is also well
known for generating canting in metallic AF systems due
to the competition between the superexchange, which fa-
vors AF alignment, and the tendency for mobile carriers
to maximally delocalize, which favors FM alignment.
The authors of Ref. 16 also analyze their NMR spectra
in comparison with x-ray and magnetic neutron diffrac-
tion, and conclude that a canting of Mn moments is un-
likely. However the authors appreciate that this is an
indirect and involved argument and considered it as sec-
ondary to their symmetry argument which, as explained
above, is not valid.
Correspondingly, we consider it an open question as
to whether or not canting is present in hole-doped
Ba1−2xK2xMn2As2, and in the following we will address
it using first principles calculations. We conclude that
the system is canted and the mechanism for that is the
double exchange between the mobile holes and the lo-
calized spins. We find that the DOS is not half-metallic
when projected onto the magnetization, contrary to the
expectations of Ref. 16. Analytical considerations using
parameters derived from our first principles calculations
give further support for our conclusions.
Qualitative Considerations−Let us first consider a hy-
pothesis of spin-polarized As holes. Inducing FM behav-
ior upon doping would be the result of a competition
between the kinetic energy and the Stoner (Hund) in-
teraction −Im2/4,19 with the Stoner parameter IAs = 1
eV for As. For x = 0.2 holes/As the system is heavily
doped and can be approximately thought of as a metal,
in which case the Stoner criterion IAsN(0) > 1 is appro-
priate. We calculated the DOS for collinear, undoped
BaMn2As2, attributing the full DOS to the As atoms,
and shifted the Fermi energy to simulate a doping level
of 0.2 holes/As, finding N(0) = 0.54 spin−1 eV−1 As−1
(see the next section for methods). The Stoner criterion
is therefore not satisfied and in-plane FM polarization
would not be supported. Later in this paper we will use
the full DOS to compare −Im2/4 against the changes in
the one-electron energies to confirm that the FM polar-
ization of As holes is not supported.
Now let us consider the double exchange scenario in
which the carriers are Mn holes and must, by virtue of
the Hund’s rule, be parallel to the local moments. The
condition for double exchange is JH ≫ t,
17,18 where t
is the one electron hopping amplitude. Since the Hund’s
coupling JH in 3d metals is strong (0.7−0.9 eV) this con-
dition is easily satisfied in BaMn2As2. Double exchange
requires mobile carriers and thus in BaMn2As2 would
only emerge upon doping. The mobile carriers can delo-
calize and lower their kinetic energy if they are moving
on a uniform FM background, and this preference for fer-
romagnetic ordering must compete with superexchange
which is responsible for the observed G-AF order. It is
known that for strong superexchange this competition re-
sults in a canted state of angle θ,22,23 where θ is the angle
between the two antiparallel Mn moments (180◦ is G-AF
order), and in a single-orbital tight-binding approxima-
tion the explicit form for the canting angle is
cos
(
θ
2
)
=
tx
4Jm2
, (1)
where x is the doping per Mn, J is the superexchange
parameter, and m is the local Mn moment. Substituting
typical values for t and J (later we will present accurate
calculations of these quantities), t ∼ 200 meV, Jm2 ∼
500 meV, and the experimental moment m = 3.9µB, we
obtain θ ∼ 177.7◦, implying that each Mn moment cants
by 1.15◦ and hence MFM = 2m sin(1.15
◦) = 0.16µB/f.u.
This is on the right order, although about a factor of
three too small compared to the experiment.
Now we will present accurate calculations of the above
quantities using first-principles density functional theory.
Computational Methods−To perform our calculations,
we used noncollinear density functional theory (DFT)
with the Perdew-Burke-Ernzerhof generalized gradient
approximation24 to solve the electronic structure of
Ba1−2xK2xMn2As2 using the full potential linear aug-
mented planewave code ELK25 and PAW potentials as
implemented in VASP.26–29 As mentioned, BaMn2As2
belongs to the space group I4/mmm, and we used lattice
parameters a = 4.16570 A˚ and c = 13.52110 A˚ and the
optimized internal parameter for As zAs=0.358. Good
convergence was achieved with a 12 × 12 × 11 k-point
mesh and including 30 empty eigenstates per atom per
spin in the calculation. Doping was included in the vir-
tual crystal approximation (VCA) in ELK, where the Ba
atom was replaced with a fictitious atom of fractional
charge, and by direct atomic substitution of K for Ba in
VASP.
Results−All reported results were calculated using
ELK unless otherwise noted. We confirmed that the
ground state of BaMn2As2 is G-AF. The calculated Mn
moments are 3.64µB within a muffin-tin radius of 1.259
A˚, in reasonable agreement with experiment and previ-
ous calculations.12 We found an indirect band gap of 0.2
eV, also in agreement with previous calculations.12
To study if canting can be stabilized, we used the fixed-
spin moment method to rotate the Mn moments in the
xz plane and calculated the energy for several different
values of θ. In this procedure the moment direction was
constrained and the moment amplitudes were allowed to
relax. For our calculations we chose a VCA doping level
of x = 0.2, corresponding to the hole doping level re-
ported in Ref. 16. The results of these calculations are
depicted in Fig. 1(a).
The results in Fig. 1(a) show that the undoped system
does not exhibit canting, as is expected for an insulator
without mobile carriers. For x = 0.2 the canting an-
gle is predicted to be θ ≈ 174◦, or 3◦ per Mn moment,
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FIG. 1. (a) The energy as a function of the angle θ. The black curve is the undoped (x = 0.0) case and the red curve is the
doped (x = 0.2) case. The black arrow references θexp.
16 (b) Left and bottom axes: The closed black circles are the energy
dependence of undoped BaMn2As2 as a function of the relative angle between the Mn moments. The black line is the fit of
Jm2 cos θ. Right and top axes: The open circles are the top valence band of BaMn2As2 along the N − Γ symmetry line. The
dashed line is the nearest neighbor tight binding fit. (c) The total DOS for x = 0.2 doping near the Fermi energy for collinear
(black line) and canted (dashed red line) systems. (d) The spin-resolved As (blue dash-dot lines) and Mn (red dashed lines)
partial DOS and the spin-resolved total DOS (solid black lines) projected along the direction of the in-plane magnetization.
in excellent agreement with the angle defined in Ref. 16
from the ratio of the experimentally measured FM and
AF moments, θexp = 2 cos
−1(0.45/7.8) = 173.4◦ (shown
as the black arrow in Fig. 1(a)). One can also see how
doping leads to strong cancellation between the super-
and double exchange terms, as even at θ = 164◦ the en-
ergy difference with the collinear state is 1.5 meV/Mn,
in contrast to 14.0 meV/Mn for the undoped case.
The energy scales for canting are on the order of a
couple meV as is seen in Fig. 1(a), which leads to dif-
ficulties when trying to calculate the canting angle self-
consistently using either VASP and ELK. When using
VASP and replacing 50% of Ba atoms with K to simulate
x = 0.25, we stabilized canting solutions with θ = 174◦
and energy E(θ) − E(0) = −0.8 meV/Mn. However,
depending on the canting angle used to initialize the cal-
culation, sometimes VASP relaxed to a larger canting
angle. The undoped compound always converged to the
collinear solution. We ran into similar problems with
ELK. At x = 0.2 we were able to converge to two dif-
ferent solutions, one with θ ≈ 176◦ and energy −0.25
meV/Mn and the other with θ ≈ 168◦ with energy −0.06
meV/Mn. It is clear that the energy landscape is so
complex that finding the global minimum is difficult, and
self-consistent calculations of the canting moment are less
reliable than the fixed-spin moment calculations. Appar-
ently, the system does exhibit a tendency to cant, but
the exact degree of canting is difficult to determine.
We now get back to Eq. 1 and determine its parameters
from our calculations in ELK. In Fig. 1(b) we calculated
the energy of undoped BaMn2As2 as a function of the rel-
ative angle between the two magnetic moments and fitted
it to E = Jm2 cos θ, finding Jm2 = 463 meV. We also
calculated the band structure and fitted the top valence
band to the nearest neighbor tight binding model, also
shown in Fig. 1(b). The fit yielded the hopping ampli-
tude t = 190 meV. Using Eq. 1 we find that θ =177.7◦ for
x = 0.2, in agreement with our previous rough estimate.
4This prediction is off by a factor of 2.6 when compared
with the result of Fig. 1(a), which is reasonable given the
simplicity of the model.
To address the microscopic origin of the canting ob-
served in our DFT calculations, it is instructive to com-
pare the DOS for x = 0.2 in the VCA for both the un-
canted case and the canted case of θ = 174◦, see Fig. 1(c).
The gain in kinetic energy from allowing the electrons to
delocalize upon canting can be estimated by using the
Andersen Force Theorem30,31 and calculating the change
in the one-electron energy of the uncanted and canted
systems. Strictly speaking, the Force Theorem requires
taking the same charge and spin density for both cases; in
the canted case the self-consistent uncanted potential is
rotated within each muffin-tin sphere by 3◦ and the DOS
is generated non-self-consistently. This is not possible
in ELK, so we used the self-consistent canted DOS as a
proxy assuming that the main changes in DOS are due
to canting and not by changing the spin density (indeed,
the calculated magentic moment is essentially the same
3.5603µB vs. 3.5606µB). Applying the Force Theorem
we can then approximate the total energy change as the
change in one-electron energy and the magnetic energy.
The former can be computed by integrating the DOS
as
∫
occ
EN(E)dE or, equivalently, as −
∫
unocc
EN(E)dE
and normalizing the computed integral by the number
of electrons or holes. The change in kinetic energy can
be visualized as the broadening of the unoccupied part of
the valence band which results in an upshift of the center
of gravity. Using the DOS in Fig. 1(c), we find ∆Ekin =
6.6 meV. The corresponding loss of the exchange energy
is Jm2(1+cos θ), and using θ = 174.0◦ gives us 2.5 meV.
The energy gain in the one-electron energy is about 2.6
times larger than the energy loss from the exchange in-
teraction. This indicates that canting is favored, but as
in the case of relaxing the canting angle self-consistently,
the energy scales are quite small.
We now determine whether half-metallic behavior is
possible in hole-doped Ba1−2xK2xMn2As2, as argued in
Ref. 16. First we check whether a spin channel be-
comes approximately insulating when the Mn moments
are canted. The partial DOS for Mn and As along with
the total DOS is projected along the direction of the in-
plane magnetization for the canted angle of θ = 174◦ in
Fig. 1(d). There is no evidence for half-metallic behavior
at the Fermi energy; the DOS is that of a weak ferromag-
net. It should be noted that the partial densities of states
of As and Mn at around E −EF ≈ 0.25 eV each become
nearly half-metallic, although the polarization directions
of the two atoms oppose each other. This suggests that
the emergence of half-metallic behavior upon canting is
possible, though it is not realized in this system.
Finally we return to the scenario of polarized As holes.
As before in our qualitative consideration we calculated
the DOS for collinear, undoped BaMn2As2 and shifted
the Fermi energy to simulate x = 0.2. Assuming that
the full DOS can be attributed to the As atoms, we then
manually polarize the DOS and calculate −Im2/4 and
compare it with the changes in the kinetic energy. We
find that the polarization of As holes is never favored.
For full polarization, the gain in Stoner energy is 10 meV
while the kinetic energy loss of 150 meV is an order of
magnitude larger, so half-metallic polarization is very un-
favorable. Of course, in the actual hole-doped system the
character of the carriers at the Fermi energy is a combi-
nation of Mn and As states, with about three times more
Mn-like carriers than As-like carriers, as seen in Fig. 1(d),
so it is even more unlikely that the As holes could polar-
ize.
Conclusion−We theoretically investigated hole-doped
Ba1−2xK2xMn2As2, in which weak ferromagnetism was
discovered experimentally and attributed to two groups
of carriers, local electrons with spins aligned along c-axis,
and mobile holes fully polarized in the ab plane. Our first-
principles calculations quantitatively reproduce the ob-
served weak ferromagnetism, yet the microscopic physics
is better described by a canting of Mn moments induced
by double exchange. This conclusion is supported by our
numerical calculations and analytical analysis.
1 Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
J. Am. Chem. Soc. 130, 3296 (2008).
2 P. J. Hirschfeld, M. M. Korshunov, and I. I. Mazin, Rep.
Prog. Phys. 75, 124508 (2011).
3 I. I. Mazin, Nature 464, 183 (2010).
4 D. C. Johnston, Adv. Phys. 59, 803 (2010).
5 M. D. Lumsden and A. D. Christianson, J. Phys.: Con-
dens. Matter 22, 203203 (2010).
6 A. A. Kordyuk, Low Temp. Phys. 38, 888 (2012).
7 D. J. Scalapino, Rev. Mod. Phys. 84, 1383 (2012).
8 Q. Huang, Y. Qiu, W. Bao, M. A. Green, J. W. Lynn,
Y. C. Gasparovic, T. Wu, G. Wu, and X. H. Chen, Phys.
Rev. Lett. 101, 257003 (2008).
9 M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett.
101, 107006 (2008).
10 Y. Singh, A. Ellern, and D. C. Johnston, Phys. Rev. B
79, 094519 (2009).
11 Y. Singh, M. A. Green, Q. Huang, A. Kreyssig, R. J. Mc-
Queeney, D. C. Johnston, and A. I. Goldman, Phys. Rev.
B 80, 100403(R) (2009).
12 J. An, A. S. Sefat, D. J. Singh, and M.-H. Du, Phys. Rev.
B 79, 075120 (2009).
13 A. T. Satya, A. Mani, A. Arulraj, N. V. C. Shekar,
K. Vinod, C. S. Sundar, and A. Bharathi, Phys. Rev.
B 84, 180515(R) (2011).
14 J.-K. Bao, H. Jiang, Y.-L. Sun, W.-H. Jiao, C.-Y. Shen,
H.-J. Gao, Y. Chen, C.-M. Feng, H.-Q. Yuan, Z.-A. Xu,
G.-H. Cao, R. Sasaki, T. Tanaka, K. Matsubayashi, and
Y. Uwatoko, Phys. Rev. B 85, 144523 (2012).
15 A. Pandey, R. S. Dhaka, J. Lamsal, Y. Lee, V. K. Anand,
A. Kreyssig, T. W. Heitmann, R. J. McQueeney, A. I.
Goldman, B. N. Harmon, A. Kaminski, and D. C. John-
5ston, Phys. Rev. Lett. 108, 087005 (2012).
16 A. Pandey, B. G. Ueland, S. Yeninas, A. Kreyssig, A. Sap-
kota, Y. Zhao, J. S. Helton, J. W. Lynn, R. J. McQueeney,
Y. Furukawa, A. I. Goldman, and D. C. Johnston, Phys.
Rev. Lett. 111, 047001 (2013).
17 C. Zener, Phys. Rev. 82, 403 (1951).
18 P. W. Anderson and H. Hasegawa, Phys. Rev. 100, 675
(1955).
19 I. I. Mazin, Appl. Phys. Lett. 77, 3000 (2000).
20 T. Moriya, Phys. Rev. 120, 91 (1960).
21 I. Dzayloshinskii, J. Phys. Chem. Solids 4, 241 (1958).
22 P.-G. de Gennes, Phys. Rev. 118, 141 (1960).
23 D. I. Khomskii, Basic Aspects of the Quantum Theory
of Solids: Order and Elementary Excitations (Cambridge
University Press, Cambridge, 2010).
24 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
25 The ELK FP-LAPW Code, http://elk.sourceforge.net/.
26 G. Kresse and J. Hafner, Phys. Rev. B 47, R558 (1993).
27 G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169
(1996).
28 P. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
29 G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
30 A. K. Mackintosh and O. K. Andersen, Electrons at the
Fermi Surface, edited by M. Springford (Cambridge Uni-
versity Press, Cambridge, 1975).
31 V. Heine, Solid State Physics, edited by H. Ehrenreich,
F. Seitz, and D. Turnbull, Vol. 35 (Academic, New York,
1980).
This figure "pic-results.png" is available in "png"
 format from:
http://arxiv.org/ps/1311.1537v1
